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Physical or chemical stress applied to a cell system trigger a signal cascade that is transmitted to the neighbouring cell population in a process known as bystander effect. Despite its wide occurrence in biological systems this phenomenon is mainly documented in cancer treatments. Thus understanding whether the bystander effect acts as an adaptive priming element for the neighbouring cells or a sensitization factor is critical in designing treatment strategies. 
Here we characterize the bystander effects induced by bleomycin, a DNA-damaging agent, and compartmental stress responses associated with this phenomenon. Mouse fibroblasts were treated with increasing concentrations of bleomycin and assessed for DNA damage, cell death and induction of compartmental stress response (endoplasmic reticulum mitochondrial and cytoplasmic stress). Preconditioned media was used to analyse bystander damage using the same end-points. Bleomycin induced bystander response was reflected primarily in increased DNA damage. This was dependent on the concentration of bleomycin and time of media conditioning. Interestingly, we found that ROS but not NO are involved in the transmission of the bystander effect. Consistent transcriptional down-regulation of the stress response factors tested (i.e. BiP, mtHsp60, Hsp70) occurred in the direct effect indicating that bleomycin might induce an arrest of transcription correlated with decreased survival. We observed the opposite trend in the bystander effect, with specific stress markers appearing increased and correlated with increased survival. These data shed new light on the potential role of stress pathways activation in bystander effects and their impact on the pro-survival pro-death balance.






Bystander effect is the mechanism by which a cell population undergoing a physical or chemical treatment affects the nontreated cells via intercellular communication by gap junction [1] or secretion of toxic factors [2]. The bystander effect has been primarily defined and studied in the context of radiobiology and treatment of cancers [3]. Bystander effects were found to increase genomic instability and reduce the survival of the non-treated cells. Thus, it is now known that irradiated cells will affect neighboring or distant cells through a so called bystander signal which has been shown to be released in the medium. The nature of this signal is not yet clearly addressed. However there is strong evidence that in the transmission of the signal are involved, reactive oxygen species, nitrogen oxidative species, proteic factors and even DNA molecules [4].
Little is known about the bystander effect induced by genotoxic chemicals. Few studies show that after chemical treatment cells are able to release in the media factors, which can induce a toxic effect if it is placed on a cell population that did not suffer a chemical treatment itself [5, 6]. Similarly to radiation-induced bystander effects, the chemically induced bystander effects are highly variable, dependent on the individual donors or cell lines tested and dependent upon the experimental end-points employed to investigate the process (e.g. DNA damage parameters, apoptosis and cell survival) [7-15].

Stress (including chemical toxins, ionizing radiation, nutrient stress, hypoxia and temperature shock) induces a plethora of changes in the cellular function that is directed towards dealing with the damage and to re-establish cellular homeostasis. These changes occur through activation of a number of stress pathways that either act independently or in an overlapping manner. Stress can lead to changes in gene expression patterns consisting of a general shut down and reprogramming of protein synthesis. In these conditions ribosomes selectively recruit mRNA whose protein products are necessary for the buildup of the stress response. Translational reprogramming to sustain the response to stress may result in increased life span and its deregulation is associated with disease including cancer and diabetes [16]. 

One stress pathway documented recently in bystander effects induced with genotoxic agents is through the mitogen-activated protein kinase (MAPK) [6]. Once activated, this pathway exerts major effects on cell physiology through regulation of gene transcription, protein biosynthesis, cell cycle control, apoptosis and differentiation [reviewed in 17]. 
Besides stress signaling through the MAPK pathway it is now widely accepted that there are compartmental stress responses triggered primarily by accumulation of unfolded proteins in specific cellular compartments i.e. cytoplasmic stress also called heat shock response [18], endoplasmic reticulum (ER) stress [19], and mitochondrial stress [20]. Persistent activation of unfolded proteins stress response ends up by being detrimental and contributes to cell death [21, 22]. 

In the present study, we evaluate the ability of the chemical DNA-damaging agent, bleomycin (BLM) to induce bystander effects and the stress response mechanisms that might be involved in this process. BLM is a radiomimetic chemical that induces DNA strand breaks through the presence of hydroxyl radicals that result in DNA double strand breaks. Bleomycin is a chemotherapeutic agent used to treat squamous cell carcinomas, melanoma, sarcoma, Hodgkin’s and non-Hodgkin’s lymphomas and testicular cancer alone or in combination with other drug. BLM has been shown to induce a 7% risk of a second malignancy [23]. Thus we undertake here a rigorous analysis of the effect of BLM treatment on neighbouring cells in order to evaluate how concentration and treatment times factors may be implicated in the change in cell-death cell-survival balance and how transcriptional activation of compartmental stress response mechanisms may reflect upon these processes.

2. MATERIALS AND METHODS

2.1. Cell Culture
The L929 mouse fibroblasts (ECACC) were grown in a humidified incubator at 37ºC with 5% CO2, in MEM media supplemented with 10% FCS, 2mM L-glutamine and antibiotics (100 IU penicillin/ml and 100µg/ml streptomycin sulfate). 

2.2. Medium transfer protocol
Donor and bystander 6-well plates of L929 cells were seeded 24h before the treatment with bleomycin (BLM) at an initial density of 5x104 cells/ml or 3x104 cells/ml. After 24h, the donor cells were exposed to the drug BLM at concentrations of 5, 20, 40 and 60µg/ml for 1 hour. Appropriate controls were used in each case. Following exposure, the cells were washed three times with culture medium. The washed cells were returned to the incubator for either 3 hours or 24 hours. After appropriate incubation times, conditioning medium (from either treated or non-treated cells) was collected, filtered through a 0.22 µm filter to ensure that no cell could be present, and immediately added to the recipient well plates. Controls received conditioned medium from non-treated cells. The cells directly treated were detached and analyzed. The bystander cell cultures were incubated for other 24h and then trypsinised and analyzed as described further in detail. In order to check if the conditioning medium used for bystander studies does not have any residual BLM activity we performed a control experiment in which we used washing medium instead of conditioning medium and no effect was observed in induction of bystander micronuclei.

2.3. Analysis of DNA damage using micronucleus (MN) assay
The L929 cells were seeded onto 12 wells plates. The MN yield was measured by cytokinesis block technique. Cell treatment (direct treatment with BLM and the medium conditioning) was initiated at 24h after plating. The cytochalasin B (3µg/ml) was added after the transfer of the medium (at 3h and 24h of conditioning) with 18-20h before harvesting and fixation. After 48h and 72h from the beginning of the donor cell cultures, the cells were harvested for the detection of MN. In case of bystander cells, the harvesting for the detection of MN, was performed at 48h and 96h. Cell cultures were trypsinised, centrifuged and subjected to a brief hypotonic treatment (0.075 M KCl) and then fixed with cold methanol/acetic acid (1:5). Then the cells were dropped on cold glass slides, stained with 10% Giemsa solution and analyzed with light microscopy. The samples were scored for binucleated cells containing micronuclei according to the criteria given by Fenech [24]. 1000 cells per condition were examined. For the DMSO and c-PTIO effects, the bystander cells were incubated for 24h in conditioned medium with 0.1% DMSO or 20µM c-PTIO

2.3. Cell viability assay
The tests were performed using reseeded untreated and treated cells (either treated directly with BLM or with conditioned medium) onto 96 well plates at a density of 200 or 3000 cells per well and kept for 5 days, 24h; 5-7 wells were set per experimental point. Cell viability was assayed with the CellTiter 96® Aqueous One Solution Cell Proliferation Assay kit (Promega) according to the manufacturer protocol. 

2.4. Clonogenic survival in BLM treated and bystander cells

The clonogenic assay is a method based on the ability of a single cell to divide and produce a colony. Due to the high migration potency of cultured fibroblasts (L929) in cell culture dishes we employed a colony forming assay methodology modified from Thon et al. using medium with a higher density (agar) which does not allow to the daughter cells to move too far from mother cells [25]. After the treatment (either with BLM or bystander) the cells were collected by trypsinization, counted and the suspensions were diluted at 100-200 cells/ml in 5% low melting agar in MEM (10% FCS). The cells were seeded in 6 well plates containing 1.5ml of 7.5% agar in complete medium, and incubated at 37◦C for 8 days. Colony formation was scored under microscope. For this, cells were stained with crystal violet 0.05% in 20% ethanol. Colonies greater than or equal to 50 cells were counted as survivors. Plating efficiency (PE) = (number of colonies counted)/ (number of colonies seeded) x100. Colonies surviving fraction was expressed as PE values of treated cells relative to the PE (control) of non-treated cells. The reported values represent average of four replicates per experimental point.

2.5. Quantitative RT-PCR
Quantitative real-time RT-PCR was performed using the QuantiTect SYBR Green RT- PCR system (QIAGEN). Gene-specific primers for BiP, mtHsp60, Hsp70 and GAPDH were obtained from QIAGEN (QuantiTect Primer Assays). The relative transcript levels of the target genes were normalised against GAPDH; quantification was performed using the comparative Ct method [26]. 

2.6. Statistical analysis




3.1 Micronuclei formation in BLM treated and bystander cells
Our work focused on analysis of the bystander effects mediated by secreted diffusible factors released into the culture medium of BLM treated mouse fibroblasts, L929. Although gap junction intercellular communication, oxidative stress and soluble factors secreted by treated cells have been implicated as mediators of bystander responses, the underlying mechanisms are far from clear. The non-targeted effects of BLM in L929 cells were investigated by adopting a medium transfer technology with the medium being transferred to bystander cells after two intervals of incubation (3h and 24h) of the donor cells with the medium. Cells directly exposed to BLM show a dose-dependent increase in MN yield (Figure 1A). The frequency of MN is statistically higher in the donor cell cultures of 24h conditioned medium than that found in the donor cell cultures of 3h conditioned medium. In bystander cells we observed that in both cases we got a statistically increased DNA damage induction independently of the BLM concentrations to which the donor cells were exposed (Figure 1B). This suggests that soluble factors mediating the bystander response were secreted as early as 3h after the treatment of the donor cells with different concentrations of BLM and they persisted at least 24h after the treatment. The level of micronuclei induction in bystander cells is lower than that induced by the direct treatment with BLM but it is significantly enhanced as compared to the control. These results highlight the common observed saturation response for bystander effects.

3.2 Cell viability and clonogenic survival in BLM treated and bystander cells
The MTS assay was performed as a short (24h) and a long-term (5 days) viability assay that gives information about the metabolic activity of the cells. The bystander cells received medium conditioned for 24h. As shown in Figure 2A, there was a decrease of viability measured by MTS test only after 5 days of cell culture in case of direct treatment with BLM. These results suggest a possible dose-specific effect on metabolic activity. On the contrary, in the bystander cells no effect could be observed at the level of metabolic activity (Figure 2B) independent of the analysis time point (24h or 5 days). 
The clonogenic potential was evaluated by measuring the colony number to enable distinction between the treatment effect on general viability and cell proliferation. The parameter, which characterizes the cells capacity of clonogenic proliferation, was shown to be modified by the direct treatment with BLM (Figure 2C). The clonogenic survival fraction is reduced following BLM treatment in correlation with the dose as in the case of MTS long-term viability assay. No statistically significant change was found for clonogenic survival in bystander cells receiving medium conditioned either for 3h or 24h (Figure 2D). These results are in accordance with the results for viability test. 
The 3h and 24h conditioning times were representative of early and late responses. We speculated that 3h conditioned medium may be qualitatively different from 24h conditioned medium, consistent with different levels of signaling molecules expressed and secreted by BLM treated cells. However, in our study, the bystander effects on MN formation, cell proliferation and viability do not depend on the conditioning time. 

3.3 Influence of oxidative species on transmission of BLM-induced bystander response
Here we report on the role of ROS and NO in the transmission of bystander effects studying the effect of specific radical scavangers DMSO (dimethyl sulfoxyde) and c-PTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) in the medium of BLM bystander treatment. Both scavengers were added to bystander cells together with the conditioning medium and kept until the cells were analyzed. Micronuclei yield was determined in bystander cells grown in medium from BLM treated donor cells collected 3h (Figure 3A) or 24h post-treatment (Figure 3B) with and without DMSO (0.1%) or c-PTIO (20µM). We tested the ROS scavenging effect of a non-toxic DMSO concentration 0.1% [27, 28]. The DNA damage induced by BLM bystander medium was significantly reduced in the presence of DMSO in case of both conditioning situations (Figure 3 A and B). This result suggests that ROS could play a role in the appearance of the bystander effects. The nitric oxide scavenger, c-PTIO does not affect significantly the level of MN formation for the range of concentration tested despite the tendency to decrease the MN level at 60µM BLM. This implies that NO is not involved in the bleomycin induced bystander effects in our experimental setting. 

3.4 The effect of Bleomycin on transcriptional level of stress response markers.

DNA damage and increased oxidative stress are known triggers of stress signalling [16]. Accumulation of unfolded proteins in specific compartments generates characteristic stress responses in order to balance the load of unfolded proteins and to protect the cell system against stress [29].
In order to identify stress mechanisms that might be implicated in the bystander effect of BLM induced DNA damage we have looked at mRNA levels of a range of specific stress compartmental markers for ER stress (BiP), mitochondrial stress (mtHsp60) and cytoplasmic stress (Hsp70). These markers have been followed for both the direct treatment and bystander response (Figure 4). First observation is that there is no clear linear correlation depending on the dose for the change in mRNA levels. However there is a consistent trend of this change for specific treatments.




The majority of chemotherapeutic and radiation treatment protocols that are used to treat cancer produce irreversible DNA damage and consequent cell death. Since most of these drugs are not targeted to the tumor mass they are certain to have non-cancer cell targets, that receive DNA damage, and thus possibly set up a cascade of bystander signaling events. It is now recognized that these treatments are accompanied by bystander effects which can influence the result of the treatment either inducing unwanted cell death in tumour neighbouring cells and/or by modulating the sensitivity or resistance of tumorigenic cells that have not been directly targeted by treatment. Understanding the mechanisms involved in these processes will support the development of more efficient treatment protocols (reviewed in Prise and O‘Sullivan (2009) [30]). Bystander response has been analyzed in response to ionizing radiation, non-ionizing radiation, chemotherapy and in response to the medium where aging cells have been cultured [31]. Bystander effects triggered by DNA damaging agents include an increase in genomic instability manifested by high frequency of sister chromatid exchange, elevated micronuclei and chromosomal aberrations appearance. All these manifestations are attributed to irreparable or misrepaired DNA damage that must precede the cytogenetic changes (reviewed in [32]). Bystander effects also include reduced clonogenic survival, apoptosis, altered gene expression and levels of RNA transcripts. In our study, DNA damage induced by BLM treatment induces an increase in the formation of MN in bystander cells. The enhanced formation of MN is in agreement with other findings that showed BLM-induced bystander responses [5, 13-15, 33] and our own similar results using mouse embryonic fibroblasts (data not shown). The bystander effect is independent of the chemotherapeutic agent concentration and the time between the treatment of donor cells and bystander exposure. However the increase in DNA damage assessed by MN levels is not reflected in cell viability and clonogenic survival, which remained unchanged. Such opposite effects in comparison with the classical bystander effects manifested as increased genome stability and reduced cell survival in un-treated cells have been previously documented and attributed to differential mechanisms contributing to effects on distinctive end-points such as MN induction, apoptosis and clonogenic viability [34-37]. 

The mechanisms underlying bystander effects are complex and neither the signals released, nor their transmission pathways are completely understood.
The enhanced DNA damage induced in the bystander cells could be due to soluble molecules like ROS and NO [38-40]. Therefore to explore the role of ROS and NO in mediating bystander effects, we used the free radical scavengers DMSO and c-PTIO. DMSO is well known as a radical scavenger and a radioprotective agent being able to suppress the induction of DNA double strand breaks by ionizing radiation [41, 42]. Moreover, pretreatment with DMSO before ionizing radiation treatment suppresses lethal effects by ionizing radiation such as cell death and chromosome aberration [43]. DMSO proved to be effective for the suppression of radiation and drug induced bystander responses, consistent with ROS, involvement in modifying the ionizing radiation induced bystander response [33, 44-46]. The NO scavenger, c-PTIO was found to inhibit the bystander responses induced by BLM in lung adenocarcinoma [45] and also by iron and X rays in human skin fibroblasts [47].
While the presence of DMSO in bystander cells culture reduced the MN yield significantly in case of both conditioning situations, the treatment with c-PTIO did not alter the magnitude of bystander response at the level of MN formation. This suggests that ROS could play a role in the appearance of the bystander response while NO are not involved in the BLM induced bystander effects in L929 cells in these conditions. Although ROS and NO were previously shown to be mediators of chemical-induced bystander response, the signaling mechanism for the observed bystander response shown dependence on the cell type and particular experimental conditions [13, 33, 48, 49]. 
Genotoxic stress is known to induce a plethora of cellular signaling pathways. Of these, MAPK signaling pathway has been intensively studied and has been shown to be strongly involved in key regulatory events, which determine cell survival versus cell death balance [reviewed in 17, 49]. Activation of MAPK signaling has been also documented to occur in bystander effects induced by irradiation or by mitomycin C and phleomycin [6, 51]. Genotoxic stress and the associated increase in oxidative stress induce unfolded proteins accumulation. In recent years evidence for existence of compartmental unfolded protein responses has grown. In our experimental conditions the stress factor is DNA damage, which typically associates with increased ROS production. Thus we expected that all cellular compartments may be affected by BLM stress. Activation of an unfolded proteins stress response pathway involves a number of steps that are characteristic to all stress pathways: i) stress factor activates ii) a molecular stress sensor whose activation induces iii) transcription factor activation and/or translocation into the nuclei and iv) induction of a transcriptional stress response where the transcribed products are destined to balance the original effect of the inflicted stress. Here we have addressed transcriptional subtle changes that are characteristic of specific compartmental stress responses in both direct treatment with BLM and in bystander treatments with the aim of finding the correlation between compartmental unfolded protein responses (UPR) and bystander effects. 

The pathways that we followed are specific compartmental unfolded protein responses (UPR) characteristic for ER, mitochondria and cytoplasm. ER and its stress response pathways are of interest due the sensitive homeostatic environment of the organelle that is prone to physiological perturbations such as hypoxia, oxidative stress, abnormal ER calcium content and mutation. Notably, the ER stress response has also been correlated to radiosensitivity and radioresistance [52]. Mitochondrial unfolded protein stress response (mtUPR) is activated by accumulation of unfolded proteins in the mitochondrial matrix. This is followed by activation of CLPP (caseinolitic protease), which cleaves the unfolded proteins. The peptides resulting are extruded and induce the translocation into the nuclei of b-Zip transcription factors responsible for induction of chaperones and proteases that are imported back to the mitochondrial matrix to deal with the load of unfolded proteins [54]. In mammalian cells the b-Zip transcription factor that induces mtUPR is CHOP, which activates mtUPR in conditions of binding to specific mitochondrial response elements [55]. Interestingly the transcriptional change in the studied mitochondrial chaperones was consistent with the ER stress markers showing a decrease in the direct effect that was concentration dependent and an increase in the bystander effect that was dependent of the conditioning time. 
In the cytoplasm chaperone mediated UPR occurs through HSF-1 activation. In normal conditions HSF-1 is sequestered into the cytoplasm by direct interaction with chaperones like Hsp70, Hsp90. Upon accumulation of unfolded proteins this coupling brakes and HSF-1 undergoes a number of structural modifications (trimerization, phosphorilation sumoilation), it is translocated in the nuclei where induces transcriptional upregulation of Hsps. The changes in cytoplasmic Hsp70 analyzed here followed the same pattern with the other compartmental stress markers, being decreased in the direct effect and increased in the bystander treatment.

The damage caused by direct BLM treatment appears to cause a general decrease in protein synthesis of most stress markers followed in this study, which has been previously reported for stress induced by DNA damage. On the contrary the trend in the bystander cells is to upregulate the stress markers. This reflects a differential regulation of unfolded proteins stress response mechanisms in direct versus bystander genotoxic damage that may be due to both the extent of lesion (higher DNA damage in direct effect) and the mechanism of toxic effect transmission (direct DNA damage in BLM treatment as opposed to bystander factors released in the conditioning media for bystander treatment). This resulted in the upregulation of a retrograde response at transcriptional level in the bystander stress in order to deal with an accumulation of unfolded or misfolded proteins in all compartments of the cell system. Integrating all the events that contribute to cell survival in the clonogenic assay, our results point towards a pro-survival effect of compartmental stress activation in the bystander effect as opposed to a pro-death correlation of decrease stress levels in the direct BLM effect (Figure 4H).
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Figure 4. Changes in stress markers transcriptional levels following direct BLM treatment. Specific markers of ER stress (BiP), mitochondrial stress (mtHsp60) and cytoplasmic stress (Hsp70) were analised both in direct (A., C., F.) and bystander treatment (B., D., G.). The direct effect demonstrates a decreased level for all the markers tested with variable correlation with time and concentration as indicated by statistical analysis.  Bystander effect appears to induce transcriptional activation of the tested markers depending in the duration of media conditioning. Each data point represents the mean ± SEM of three independent experiments. P values from two-way ANOVA for time and concentration effects are indicated in the figure. H. Schematic view of changes in stress pathways by BLM treatment. Markers of compartmental stress responses present a similar direction of change depending on the type of treatment. In the direct effect they are decreased at mRNA level and correlate with an increase in cell death. In bystander treatments the level of ER stress, mitochondrial stress and cytoplasmic stress markers increases which correlates with increased survival.


